Abstract-In order to transmit pre-encoded digital video over heterogeneous networks, it becomes necessary to employ transcoding techniques that convert pre-encoded video streams into streams having different bit rates and quality. This process is referred to as rate shaping or rate adaptation. Such video transcoders save computational overheads incurred in the IDCT (stream decode) and DCT (stream encode) operations, by performing motion compensation (MC) in the frequency (block-DCT) domain (MC-DCT). MC-DCT involves pre-and postmultiplication of 8 × 8 DCT blocks with 8 × 8 matrices derived from motion vectors. The specific contribution of this work is towards developing a novel method for implementing the preand post-multiplication with minimum computational overhead. The proposed method gives time savings of upto 50% over normal block multiplication.
I. INTRODUCTION
The flexibility of present video standards such as MPEG-2 [1] , MPEG-4 [2] enables the use of these standards in a variety of applications, right from video on demand (VoD), to digital TV and network video streaming. Such services are expected to use the vast amount of pre-encoded digital video data for storage and transmission.
In the coding of video for storage and transmission, the channel characteristics have to be assumed and given as coding paramaters to the video encoder. Thus, a great lack of flexibility arises in the transmission of such pre-encoded bit streams, regardless of the type of bit rate produced by the encoder.
Layered video [3] was meant to address these kind of problems; however, if pre-encoded video is to be used, the lack of flexibility remains, since the number of predefined layers is limited and no dynamic changes can be made to the compressed video during transmission. Moreover, for some scalable modes, such as SNR and data partitioning (MPEG-2), only one scaled version of the bit stream can be decoded without drift, unless high complexity encoders with several loops are used. The accumulation of error leading to drift can severely affect perceptual video quality when bit streams with long group of pictures (GOPs) are encoded.
Thus, in order to transmit pre-encoded digital video over heterogeneous networks, it becomes necessary to employ transcoding techniques that convert pre-encoded video streams into streams having different bit rates and quality. This is referred to as rate shaping or rate adaptation. The term transcoding hereinafter will mean a process of converting a compressed bit stream into lower rates without modifying its original structure. Simple drift-free transcoding of compressed video into lower bit rates can be achieved by decoding the bit stream into reconstructed pixels (raw) and reencoding them again with the new encoding paramaters such as bit rate and channel characteristics. This method makes transcoding computationally very expensive, and renders it unsuitable for network transmission. This is particularly significant for MPEG coded bit streams, due to picture reordering and an uneven bit stream.
Video transcoders operating in the rate shaping mode save on computational overheads incurred in the IDCT (original bit stream decode) and DCT (bit stream encode) operations by performing motion compensation (MC) in the frequency (block DCT) domain. The frequency-domain transcoders employing motion compensation in the DCT domain (MC-DCT) proposed in [4] and [5] achieve a reduction of 81% in computational complexity over the pixel domain transcoders proposed in [6] and [7] .
Frequency domain transcoders eliminate error due to drift by performing motion compensation in the DCT-domain. MC-DCT involves pre-and post-multiplication of an 8 × 8 DCT block with 8×8 matrices derived from the motion vectors corresponding to the DCT block in question. We propose a novel approach to implementing the pre-and post-multiplication steps, to further reduce the computational complexity of the frequency-domain transcoder of [5] . Time savings to the order of 50% are achievable, over frequency-domain transcoders not employing the proposed scheme.
II. VIDEO TRANSCODERS

A. Pixel domain transcoder
The basic pixel domain transcoder consists of a cascade of a decoder and an encoder, as depicted in Fig. 1 . The 
B. Frequency (DCT) domain transcoder
If the motion compensation is performed in the DCT domain, the IDCT and DCT blocks get eliminated, resulting in a substantial reduction in computational complexity. This gives rise to the frequency-domain transcoder of Fig. 3 . The f/F block is the frame-field switch. These subblocks can be extracted from the respective blocks b i by mutiplying the latter with appropriate matrices, h hi and h wi , as described in [8] . The number of rows (h) and columns (w) that each block b i is intersected by the MC block b, i.e., the size of each subblock, defines which matrices should be applied for each b i . This operation is given by,
in the pixel domain. The matrices h hi and h wi have the structure of u h and l w , where I h and I w are the identity matrices of size h × h and w × w respectively:
and
By application of the distributive property of matrix multiplication with respect to DCT, we can use the DCT matrices 
The matrices H hi and H wi are constant and hence can be pre-computed and stored in memory.
Most of the computational complexity of the MC-DCT method comes from (4). The brute-force computation of (4) in the case where the MC block is not aligned in any direction with the block structure requries six matrix multiplications and three matrix additions using floating-point arithmetic.
IV. PROPOSED SCHEME FOR COMPLEXITY REDUCTION OF THE MC-DCT OPERATION
Most MPEG codec implementations operate with fixedpoint integer approximations to floating point numbers, with the 16-bit short being the preferred data-type. Since the elements of the DCT blocks lie in the range [−2048, 2047] , shifting the actual values would result in zero for most elements. Hence, in order to maintain precision in the intermediate stages, the transcoding error of each DCT coefficient is multiplied by a scaling factor (usually a large power of 2) and stored thus.
The proposed scheme is motivated by the fact that most of the coefficients of the DCT block B i in (4) are zeroes, since B i is obtained after a quantization-unquantization (Q 1 at the encoder, followed by Q −1 1 in Fig. 3 ) process. We recast the basic block multiplication operation to take advantage of this fact and eliminate multiplication when the DCT coefficient (one of the multiplicands) in the operation is zero. A detailed analysis for post-multiplication of a DCT block by a vector matrix follows.
Let us consider the post-multiplication of
We take 3 × 3 matrices for simplicity and purpose of illustration. Now,
where (A) i,j denotes the element at the i th row and the j th column of A. Since M is a DCT block, most of its elements are expected to be zero.
We recast the matrix multiplication operation in terms of the contribution of each element of M to the final product. For instance, the element e of M contributes to all columns of only the second row of the product. We perform an explicit multiplication of e with the corresponding elements of N iff e = 0. This recasting of multiplication allows us to save on multiplication when e = 0. In (5), for instance, every zerovalued element of M saves 3 multiplication operations, and 3 addition operations.
Thus, brute force matrix multiplication requires n 3 multiplications and 2n 2 additions, whereas the proposed scheme achieves this in nx multiplications and nx additions (assuming the initial destination locations are reset to zero), where n is the dimension of the (square) matrices M and N , and x is the number of non-zero elements in the matrix M . Since, in general, x n 2 , for almost all DCT blocks in a typical video frame, the complexity reduction is quite high.
A C-code listing of the post-multiplication of a 8 × 8 DCT block by an 8 × 8 vector matrix is given in Algorithm 1. [5] ; dest ptr [6] += value * vect ptr [6] ; dest ptr [7] += value * vect ptr [7] ; } } This code listing assumes that the 8 × 8 DCT block and the 8×8 vector matrix are available as 1-D (16-bit short) arrays in memory, and the (32-bit int) destination array is preset to zero before the function is called. The symbols << and >> stand for the bit-wise left and right shift operators on integers. To reduce overheads associated with managing the loop control variable in the for() loop, loop unrolling has been made use of, and explicit multiplication-increment statements have been written out, since the number of such operations is fixed. As is clear from Algorithm 1, the proposed scheme introduces the additional overhead of the calculation of i and k from n. However, this overhead is incurred only when value is non-zero. Again, every element from the DCT block has to be compared with zero. But the overhead for this comparison is insignificant when juxtaposed with the reduction in complexity, even for DCT blocks with large number of nonzero coefficients.
A similar code listing can be derived for the premultiplication operation.
V. SIMULATIONS
The proposed algorithm for fast multiplication was compared with brute force matrix multiplication with a set of input data (DCT blocks and non-zero vector matrices) derived from MPEG-2 test video sequences. Three cases were considered: 1) DCT blocks with no non-zero coefficients, 2) DCT blocks with approximately 50% non-zero coefficients, and, 3) DCT blocks with very few (< 10%) non-zero coefficients.
Sample DCT blocks derived from MPEG-2 test video sequences were used in the profiling. The statistical timeprofile for each case is tabulated in Table I - 
VI. CONCLUSION
A novel algorithm for reducing the computational complexity of the MC-DCT operation in frequency-domain video transcoders has been proposed. The low complexity has been achieved by recasting the block multiplication operation and taking advantage of the fact that most DCT blocks have a large number of zero coefficients.
A variety of services and applications such as VoD, and dynamic rate-shaping of pre-encoded video streaming over heterogeneous networks can benefit from reduced complexity frequency-domain video transcoders built by incorporating the proposed scheme.
